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Introduction {#sec006}
============

Age-related hearing loss (ARHL) is an irreversible neurosensory disorder characterized by decreased hearing threshold sensitivity and speech comprehension skills. This condition generally arises during the fourth decade of life with progressive worsening with age \[[@pone.0228943.ref001]\]. It affects approximately 25--40% of individuals over the age of 65 and 80% of those over 85 \[[@pone.0228943.ref002],[@pone.0228943.ref003]\]. Some studies have shown an association between ARHL and depression, gait difficulties and cognitive decline \[[@pone.0228943.ref004]--[@pone.0228943.ref006]\].

ARHL is a multifactorial (environmental and genetic) condition that involves both cochlear hair cells and neurons and can cause cell degeneration in the stria vascularis \[[@pone.0228943.ref004],[@pone.0228943.ref006]--[@pone.0228943.ref008]\]. Throughout life, the most common and irreversible aging effect on the auditory system is the death of cochlear hair cells, which usually occurs by apoptosis in response to oxidative stress \[[@pone.0228943.ref002],[@pone.0228943.ref009]--[@pone.0228943.ref011]\]. A recurrent complaint of senile individuals is difficulty with speech comprehension, especially in noisy environments \[[@pone.0228943.ref012]\].

Antioxidant substances have potential for the prevention or delay of hair cell death and have been the subject of recent studies on deafness and aging \[[@pone.0228943.ref007],[@pone.0228943.ref012]--[@pone.0228943.ref014]\]. Among these substances, melatonin (N-acetyl-5-methoxytryptamine) has shown therapeutic promise. Melatonin originates from serotonin, and is the primary hormone of the pineal gland, where it is synthesized by pinealocytes with tryptophan as its main precursor. Melatonin is also synthesized locally in extrapineal tissues and organs \[[@pone.0228943.ref015],[@pone.0228943.ref016]\]. It stimulates the production of various enzymes that protect cells, lipids, proteins and DNA from oxidative damage and crosses many morphophysiological barriers, increasing its cross-tissue effectiveness in neutralizing reactive oxygen species \[[@pone.0228943.ref015],[@pone.0228943.ref017]\]. Due to these antioxidant characteristics, melatonin has already shown promise in the field of aging, where numerous studies have investigated the role of melatonin on different cellular mechanisms associated with aging \[[@pone.0228943.ref018],[@pone.0228943.ref019]\].

Melatonin has been shown to be effective in the prophylaxis of cochlear damage caused by noise \[[@pone.0228943.ref020]\] as well as in improving the ototoxicity caused by cisplatin \[[@pone.0228943.ref021]\]. As age increases, melatonin production decreases, depriving the body of one of its most potent antioxidant compounds, which may favor the emergence of ARHL.

Regarding hearing loss, *in vivo* studies are important for evaluating the effect of antioxidant substances on the auditory system. The C57BL/6J mouse presents a classic form of early hearing loss that is similar to that in humans in the aging process (presbycusis). In addition, this strain develops other conditions commonly associated with aging such as diet-induced obesity, atherosclerosis, type-2 diabetes and low bone density \[[@pone.0228943.ref022],[@pone.0228943.ref023]\].

The auditory function evaluation of these animals can be performed using distortion product otoacoustic emissions (DPOAE), which are acoustic signals recorded in the external auditory canal and generated by the cochlea in response to a stimulus. These responses have been verified over a range of frequencies and have been shown to change during the process of aging, thus being a reliable method for ARHL-related studies \[[@pone.0228943.ref024]\].

Since presbycusis is one of the main concerns of the aging population which leads to functional impairment, this study aimed to evaluate the effect of melatonin on the prevention of cochlear cell dysfunction in elderly C57BL/6J mice.

Material and methods {#sec007}
====================

Type of study and animals {#sec008}
-------------------------

This was an experimental, prospective and interventional study of 32 male C57BL/6J mice acquired from the vivarium at the University of Campinas (UNICAMP).

The animals were obtained when they were four weeks old and were housed in the vivarium of the University of Brasilia for another four weeks of adaptation. During this time, the mean room temperature was 25±3°C, natural sleep and wake cycles (12:12) were induced, and mice were housed in environmentally enriched cages with access to water and balanced feed *ad libitum*.

After the adaptation period, animals were kept at the same vivarium and were handled according to the rules of the Brazilian College of Animal Experimentation -COBEA, 1990 \[[@pone.0228943.ref025]\].

After completion of data collection at 15 months of age, the animals were sacrificed by placing them in a hermetically sealed box containing a transparent display with a CO~2~ concentration maintained at 40%. Death of the animal was confirmed by the absence of corneal reflex and heartbeat \[[@pone.0228943.ref025]\].

Study and treatment groups {#sec009}
--------------------------

The animals were evaluated using otoscopy. Animals presenting signs of otitis externa, acute otitis media or a meatus too narrow to adequately accommodate the probe of the otoacoustic emission equipment were removed from the study. The animals were then submitted to auditory screening using a distortion product otoacoustic emissions (DPOAE) apparatus (ERO-SCAN^®^---MAICO Diagnostics) in an acoustically isolated cabin under anesthesia with 65 mg/kg ketamine hydrochloride and 6.5 mg/kg xylazine. The animals showing the presence of DPOAEs in at least one ear were used in the experiment. The animals were divided into two groups:

-   Control group (CG, n = 16), receiving 50 μl/day of saline and ethanol (12%), orally

-   Melatonin group (MG, n = 16), receiving 10 mg/kg/day of melatonin (Sigma Aldrich^®^, St Louis, United States) diluted in 12% of ethanol, orally

Daily, each animal received by oral gavage a total volume of 50 μl administered through an automatic pipette. Both groups were supervised daily during the 10-month study period.

Experimental procedure {#sec010}
----------------------

Otoacoustic emissions were measured at the beginning of treatment and each month at 6, 8, 10 and 12 kHz. The function of outer cochlear hair cells was determined by DPOAE using an ERO-SCAN (MAICO Diagnostics). For the test, the animals were anesthetized with ketamine hydrochloride and xylazine, as described above. Before the recording of evoked otoacoustic emissions (EOAE), the animals were submitted to manual otoscopy for the evaluation of the auditory meatus and the tympanic membrane, and those presenting signs of otitis or earwax of difficult removal were excluded from the test. The DPOAE test was performed before treatment and immediately before sacrifice, using the 2f1-f2 frequency with an f1/f2 ratio of 1.22, presented at an average intensity of 65dB SPL for f1 and 55dB SPL for f2. The emission values obtained in the CG were considered as a reference for this strain. Acoustic signals registered on the external acoustic meatus were cochlear responses that aged mice are especially sensitive to. Therefore, DPOAE measurement is a reliable method for ARHL-related studies \[[@pone.0228943.ref024]\], since the acoustic signals recorded in the external auditory canal are considered cochlear responses to frequencies that are altered by aging.

Statistical analysis {#sec011}
--------------------

The normality of the distribution of variables was analyzed by the Kolmogorov-Smirnov test, while the variability of variances was analyzed by Bartlett's test. ANOVA followed by the Student-Newman-Keuls or Kruskal-Wallis followed by the Dunn test were used to compare multiple parametric or non-parametric samples, respectively. Student's t-test or the Mann-Whitney test were used to compare two independent normal or non-normal samples, respectively. Linear regression was used to evaluate the monthly DPOAE behavior.

The Prism^®^ Software Package program (GraphPad, USA, 2005) was used for performing the statistical tests and for graphical representations. Values of p\<0.05 were considered statistically significant.

Ethics statement {#sec012}
----------------

All procedures performed in studies involving animals were in accordance with the ethical standards of the institution or practice at which the studies were conducted. Ethical clearance and approval was granted by the University of Brasília Animal Ethics Committee with approval number 57/2017 (June 5, 2017).

Results {#sec013}
=======

The data showed that both groups (CG and MG) had decreased DPOAE levels during the study period, suggesting a reduction in the number of cochlear hair cells ([Fig 1A and 1B](#pone.0228943.g001){ref-type="fig"}). The linear regression suggests that the amplitude and the signal-to-noise ratio decreased over time for both groups (p\<0.001; r^2^\>0.93).

![Linear regression adjusted lines.\
Adjusted lines of the variation of (A) amplitude of the otoacoustic emission and (B) signal-to-noise ratio obtained monthly in the control group (continuous line) and melatonin-treated (dotted line) group. Frequencies of 6 (black), 8 (blue), 10 (red) and 12 kHz (green) are shown.](pone.0228943.g001){#pone.0228943.g001}

[Fig 2](#pone.0228943.g002){ref-type="fig"} shows that there was a reduction in the otoacoustic emissions over time in both groups when compared to the tests performed during the 2^nd^ month of life. In the 10^th^ month, differences were noticeable between the two groups. Notably, the CG presented lower DPOAE values when compared to the MG (one-tailed Mann-Whitney, p\<0.001).

![Boxplot of medians, quartiles, maximum and minimum values of the 6, 8 10 and 12 kHz frequency ranges of the control and melatonin-treated groups.](pone.0228943.g002){#pone.0228943.g002}

Discussion {#sec014}
==========

The use of melatonin to delay age-related deafness may be a novel, alternative treatment for clinical practice. In this study, daily administration of 10 mg/kg of melatonin in ARHL-susceptible animals delayed this condition, and mice had improved DPOAE values at all tested frequencies compared to the control group.

The C57BL/6J mice used in this study exhibit an ARHL pattern due to a mutation in the *Cdh23* gene, which encodes cadherin 23 (otocaderine). This mutation involves the replacement of a guanine (G) by an adenine (A) in the 7^th^ exon. Cadherin 23 is an adhesion glycoprotein expressed between cells in the inner ear sensory epithelium, and is necessary for the formation and functionality of stereocilia bundles \[[@pone.0228943.ref026],[@pone.0228943.ref027]\]. A study done in humans shows that the single nucleotide G\>A polymorphism is associated with ARHL \[[@pone.0228943.ref028]\]. Reduction or lack of otocaderine predisposes cell stereocilia to cell damage, causing hair cell apoptosis over time. In this animal model, it is possible to capture the DPOAE around the 21st--28th day of life. Throughout their lifespan and with the gradual decline of cochlear activity, it is possible to observe the reduction of these emissions \[[@pone.0228943.ref024]\].

DPOAE levels were shown to be significantly altered at 12 months in this strain, and at 20 months, it was no longer possible to capture them \[[@pone.0228943.ref029]\]. In the present study, it was possible to follow the gradual decline in DPOAE levels over the lifespan of the mice in both groups, similar to humans during the ARHL process. Interestingly, there was a sharp decrease during the 10th month in both the response amplitude analysis and in the signal-to-noise ratio; however, the melatonin group had better responses than the control group at all evaluated frequencies.

In this study, the difference between the groups could be verified initially at higher frequencies (10 and 12 kHz) from the 6th month onwards, when the otoprotective effect of the melatonin was perceived. At frequencies of 6 and 8 kHz, this effect was perceived at the 10th month, both in amplitude and signal-to-noise ratio amplitudes.

Several studies \[[@pone.0228943.ref030],[@pone.0228943.ref031]\] have indicated that ARHL starts at higher frequencies, consistent with our results in both groups. This fact can be explained by the occurrence of cell loss at the cochlear basal turn, where there is an intense contact between the sound and the cochlea, so these cells are more exposed to damage as well as to oxidative stress and the cell aging process.

Aging is a process of oxidative damage that occurs due to the accumulation of reactive oxygen species in various body tissues, including the cochlea. Cellular damage that occurs due to reactive oxygen species accumulation causes mitochondrial dysfunction with reduced energy production and consequent tissue dysfunction \[[@pone.0228943.ref032]\]. Several studies have shown that melatonin levels in the body significantly decrease with age \[[@pone.0228943.ref033],[@pone.0228943.ref034]\]. The results obtained in this study indicate that clinical use of this antioxidant may be an alternative therapeutic to delay the effects of ARHL in humans. Considering its ability to act as an electron donor in non-enzymatic processes, it has an important role in neutralizing free radicals and stimulating the activity of various antioxidant enzymes.

Oxidative damage to DNA increases with age and may have a causal relationship with ARHL through the induction of apoptosis \[[@pone.0228943.ref022],[@pone.0228943.ref035]\]. A study on the use of dietary supplementation with various antioxidants has shown that mitochondrial antioxidants reduced cochlear cell death and delayed the onset of ARHL \[[@pone.0228943.ref022]\].

In another study, dogs were fed a combination of antioxidants in the last 3 years of their lives. Interestingly, these animals had lower levels of degeneration in the spiral ganglion cells and vascular stria when compared to control animals \[[@pone.0228943.ref036]\]. Our study found that the changes caused by ARHL were reduced due to the continuous treatment of melatonin at a 10 mg/kg/day dose over 10 months of life, since we observed that the animals in the MG had better "aging values" of amplitude and signal-to-noise ratio when compared to the CG animals.

The effects of antioxidants (melatonin, vitamin C, E and lazaroids) and caloric restriction on the development of presbycusis were previously studied using a 0.1 mg/day melatonin dose offered through an subcutaneous implant in the animal. The author concluded that the group that developed the lowest rates of presbycusis was that under caloric restriction. The melatonin-treated group showed a statistical improvement over the control group at all auditory frequencies except 12 kHz (3, 6, 9, 12 and 18 kHz were tested). All groups provided antioxidants had better hearing sensitivity compared to the control group \[[@pone.0228943.ref037]\]. In this study, the frequencies analyzed were 6, 8 10 and 12 kHz, and in all of them, the MG showed better results than the CG.

An important aspect of this study was the dose and the form of administration; 10 mg/kg/day of melatonin was delivered orally, in an attempt to replicate how the substance would be used clinically by humans. In several studies, antioxidant administration was performed through the diet, using subcutaneous implantation, or mixed in the drinking water \[[@pone.0228943.ref022],[@pone.0228943.ref036],[@pone.0228943.ref037]\]. The option of administering the antioxidant directly into the animal's mouth ensured the ingestion of the exact volume offered daily over time.

A limitation of this study is that no histological analysis was performed, which would allow the comparison of clinical exam data with objective images. In the future, we intend to perform this analysis to better understand the intracellular and tissue effects of melatonin on the cochlear cells.

Few studies have been performed using melatonin as a protective factor in ARHL. However, as a safe substance that has not shown adverse effects on humans or animals, its use may contribute to improving the quality of life of the elderly population and allow a level of independence in performing activities of daily living.

Conclusion {#sec015}
==========

Mice treated with oral melatonin at a dose of 10 mg/kg/day maintained higher DPOAE amplitude and signal-to-noise ratio at the end of 10 months of life compared to a control group. Animals in both groups had a reduction in these parameters throughout their lives. It cannot be stated that continuous use of melatonin prevents the onset of ARHL; however, it can be suggested that the use of this substance delays the onset of the presbycusis.
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